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ABSTRACT
The Solidification and remelting of brine solution having different concentration
over a cryocooled steel sphere is studied experimentally. Liquid nitrogen is used to
chill the sphere at cryogenic temperature up to -1920C. Experiments are conducted to
show the variation in thickness of ice formation at the outer surface of cryocooled solid
sphere for different concentrations, locations and time intervals. It was observed that ice
formed on the outer periphery of cryocooled sphere is a function of NaCl concentration
in the solution. As the concentration of solution increases, total time (solidification as
well as melting) and thickness of ice is decreased. Melting pattern of ice is also reported
for different concentrations.
Keywords: Brine solution, Solid sphere, Solidification and melting pattern, Natural
convection
x
CHAPTER 1
Introduction
1.1 Background
The present work reports on experimental investigation of solidification and melting
phenomenon of cryocooled austenitic stainless steel spheres in brine solution. The be-
havior of austenitic stainless steel at cryogenic temperature inside the phase changema-
terial (brine solution at different concentrations) is different as compare to that of nor-
mal water. Phase changematerials are generally used in storage of solar energy, cooling
of turbine blade, heating or cooling of building, liquid storage tank, cooling of nuclear
fuel elements, industrial process cooling etc. Theoritical and experimental work regard-
ing brine solution and ice interface was a matter of interest due to its presence in natu-
ral, environmental, biological, geological, oceanography, metallurgical, physical, crystal
growth and chemical phenomenon.
Apart from this, stainless steel is highly utilized in thermal energy storage, cryogenic
fluid storage, vacuum technology etc. due to low corrosion properties and high strength
at lower temperarue. To store the energy, cylinderical component is generally used due
to difficulty in manufacturing process of spherical objects. The main objective work is
1
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to investigate the effect of concentration on ice thickness form as well as solidification
andmelting time. Melting pattern of ice is also discussed for different concentrations of
brine solution.
1.1.1 Brine solution
Sea water contains maximum 3.5% concentration of salt due to this it’s water is called
saline water. When the concentration of sodium chloride (Nacl) in water is greater than
5% then it is called as brine solution. Since, increase in salt concentration decrease the
freezing temperature of solutiondue to this reason brine solution is generally used in re-
frigeration to store the thermal energy. It happens due to decrease in latent heat in freez-
ing. Phase change diagram of soldium chloride shows that lowest temperature acheives
at eutectic point which is -21.10c at 23.3 weight percentage of sodium chloride as shiwn
in figure 1.1 (a). The freezing point depression is occured due to colligative property
of the solution. With addition of salt in solution, freezing point of solution decreases
whereas density as well as viscosity is increased. When the temperature of solution hav-
ing no salt is lowered, the freezing point occurs at 00C. If the solution has salt dissolved in
it (i.e. the concentration of salt is below eutectic limit of solution as shown in figure 1.1
(b)), then the mixture will exist in the brine region. When the temperature is lowered,
the weight percent of NaCl doesn’t change until the thick line is reached as shown in
figure1.1[1]. This line defines the freezing point of the solution. Further cooling will take
the solution along the curve defined by the thick line until the eutectic point is reached
at -21.20C. At this point, the unfrozen region of the mixture is saturated with NaCl solu-
tion. Further cooling will cause salt precipitation .
1.1.2 Austenite stainless steel
Austenite stainless steel vessels havebeen extensively used for components used at cryo-
genic temperature (upto -2690c). When the temperature is decreased tensile strength,
yield strength, endurance limit and modulus of elasticity of stainless steel is increased.
If absolute zero temperature is achieved then ductility and impact toughness of these
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(a) Freezing temperature of water in different con-
centration
(b) Temperature Vs Weight percentage of Nacl
Figure 1.1: Phase diagram of Nacl and water system
steel have maximum value. Chromium-nickel stainless steel provides excellent notch
toughness when the temperature are reduced below −1960c. The cryo-treated steels
are generally used to store liquid gases such as helium, nitrogen, oxygen etc. The im-
portant property of cryo-treated steel are improvement in corrosion resistance which is
highly desirable to store such things. Pressure vessels and storing containers are gener-
ally manufactured by wrought stainless steel having controlled addition of nitrogen to
improve proof stress and tensile strength. Ferrite andmartensite stainless steels are not
used at low temperature because at this temperature it becomes brittle.
1.1.3 Liquid Nitrogen
Liquid nitrogen is the liquified form of nitrogen element which is produced with the
help of Linde liquification plant installed in our laboratory. It is chemically inert, non-
flammable, noncorrosive, colourless odourless substance generated by using fractional
distillation of air at extremely low temperature. At normal pressure, boiling point of liq-
uid N2 is -195.8
0c. Density of liquid nitrogen is 0.807 g/ml due to which it is slightly
soluble in water. Cold nitrogen gas is heavier than air at room temperature so it must
be used in ventilated laboratoy. The phase transition process from liquid nitrogen to gas
nitrogen is too rapid due to which high pressure generates. So, It can not be stored in a
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Figure 1.2: Line diagram of Liquid Nitrogen production unit
sealed container for safety purpose. Always use cryoglobes while perform the practicals
with liquid nitrogen. The plants are enormously expensive to purchase. Our country
develops an indigenous nitrogen liquefier based on Linde cycle of capacity in the range
10 to 50 l/hour. Line diagram of liquid nitrogen production unit is as shown in figure1.2
.
1.1.4 Acrylic
Acrylics are basically polymer highly utilized due to its light weight, excellent corrosion
resistance, better accessment etc. It is used in medical components, aircraft indus-
try, household appliances, construction and industrial work. Poly methyl methacrylic
(PMMA) sheet having 5 mm thickness had been used to make a container having inside
dimensions 301mmwidth,302mm length and 301mmheight and top surfacewas open
to atmosphere. The containerwasmade by PMMAdue to better visible acessment of so-
lidification as well as melting phenomenon and to capture the images of all processes.
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1.2 Literature Review
Now a days energy crisis motivate the researchers to hunt the alternatives of energy re-
sources. Phase change materials (PCM’s) is one of the technology to overcome the en-
ergy crisis faced by the world. Out of 88 phase changematerials 40 is commercially used
[2]. The theory related to heat transfer phenomenon with phase change problems had
been proposed by J. Stefan in 1889. Generally, inorganic salts dissolved endothermally
and their solubility increases with increase in temperature. If the salt solution was satu-
rated in a certain temperature range than heat absorbing capacity per unit volume has
been increased as compare to water and Nacl separately [3].
Choi and Viskanta [4] provided the experimental results which validate that super-
cooling phenomenonwas depended on initial concentration of salt. When the salt con-
centration was 5%, supercooling occured at an early stage only, where as for 15% it oc-
cured throughout the process.
Matsumoto et al [5] explained the solidification on a vertical wall of a rectangular
cell. They plotted the graphical result for permeability and volume fraction of liquid in
mushy regionwhichwas depending on initial concentrationof salt. If the initial concen-
tration was decresed, natural convection and rate of concentration rise in liquid region
was decreased but the movement of freezing front would be increased. Okawa et al [6]
discussed between surface area, degree of supercooling and freezing of silver iodide in
water. Freezing temperature was a funtion of area exposed to the water, cooling condi-
tion and wettability.
Vrbka and jungwirth [7] compared the experimental result with the help ofmolecular
dynamic simulation and provided a molecular brine rejection process. They explained
the rejection of salt ion on the ice front and shown that it slowed down the ice forma-
tion. Lucas et al [8] simulated numerical result for porous medium freezing in aqueous
concentration salt solution, changes in salt concentration, ice fraction and temperature
with respect to time. Initially salt diffusion process was too fast to prevent freezing at the
interface. They provided numerical solutions by using Fick’s law and compare the result
with the experimental solution. Valenza and Scherer [9] performed the experiment in
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brine solution which explained that volume concentration depends on initial concen-
tration of salt solution and it was a funtion of temperature. Rault’s law suggested that
the vapour pressure of dilute salt solution would be less than that of pure water .
According toWilson andHaymet [10], Reynold’s freezing potential indicated that ini-
tial result of freezing potential of a probe into direct current electrical resistance was a
function of salt concentration. They compared the result graphically betweenworkmen-
reynold effect or freezing potential and growth of polycrystalline ice with time.
Frederking and clark [11] discussed about the cooling phenomenon of a hot sphere
in Liquid Nitrogen. They assumed constant physical properties, isothermal wall condi-
tion, negligible dissipation, no radiation, smooth surfaces, incompressible fluid & sur-
face of the sphere is sufficiently large to create a vapor film of nitrogenwhichwasmoved
in upward direction. In this case, vapor-liquid interface was not too smooth but for the
same experiment performed on the horizontal cylinder shown that smoothness would
be increased by 10%. They derived the relation for Nusselt numaber which was a func-
tion of temperature difference,dynamic viscosity, density of fluid, Prandtl number,Grashof’s
number, convective heat transfer coefficient of fluid and specific heat .
Their work was continued by David E. Daney [12] who performed the experiment to
watch the natural convection inside liquid deuterium, liquid hydrogen and liquid nitro-
gen with sphere, hemisphere, horizontal and vertical cylinder. He compared the result
with internal heat generationwith quasi-steady state. The result shown variation ofNus-
selt number and Rayleigh number. The experiment had great importance in cooling of
turbine blade, buildings, nuclear fuel element, industrial process cooling.
Four years later, Hilal and Boom [13] performed an experiment with a sphere sus-
pended through a nylon rod inside a partially filled liquid helium cylindrical bath and
observe the free convection phenomenon. Important feature of the experiment was the
boiling like phenomenon which was occurred near the critical point. Further work was
performed on cylinder for example, J.H.Merkin [14] studied convection boundary layer
on a horizontal cylinder in a stream flowing vertically upward for both case heated and
cold cylinder. He observed that heating of a cylinder delayed the separation of boundary
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layer whereas Cooling cylinder brings the separation point nearer to the lower stagna-
tion point but for a extremely cold cylinder there was no boundary layer on the cylinder.
Later on, the work was performed to consider the buoyancy effect by K.H.Bang [15]
who considered the buoyancy effect in vapor momentum equation for forced convec-
tion film boiling over a sphere for liquid and vapor flows which was not used before.
Buoyancy term was neglected if liquid velocity was high but for medium velocity (up to
7 m/s), the velocity of liquid-vapor interface was larger or smaller than the free stream
liquid velocity which was depended on the magnitude of buoyancy. He found that for
high liquid sub-cooling, the film thickness was about 10 microns. As sub-cooling of liq-
uid was increased, the film thickness became thinner.
The studywas continued onplates, for example, Rahli et al [16] performed the exper-
iment for evaluation of temperature over space and time for three zones. (a) Liquid (b)
Two phase (c) Superheated vapour zone. They took bronze plates which were heated by
electrical resistance in ceramic block. Copper plates were inserted between the bronze
plate and heater for equivalent temperature difference and enclosed it inside a asbestos
container. Liquid (n-pentane) flowed through the porousmedia frombottom to top ver-
tically. They discussed the behavior of single phase liquid and vapor zones (having high
amplitude profile) and two phase zone (having relatively flat profile). When the phase
change occured determine the pressure and velocity field boundaries and their spatial
and temporal evolution of temperature profile. They also obtained the hydrodynamic
pressure of liquid and vapor zone by Darcy’s law.
Later on, N.L.Kolev [17] took the referance of Frederking et al and perform the same
formixed convection filmboiling over vertical wall and resultwas comparedwith spheres.
Liquid (water) was flowing around a vertical plate & hot sphere due to whichmixed con-
vectionwas going on. Mass,momentum, energy andAchenbach correlationwas used to
find heat transfer coefficient. He found that vertical surface had 10% accuracy as com-
pared to spherical one. A similar experiment was performed on copper plate by Miller
et al [18]. They took a perforated copper plate, immersed it inside liquid nitrogen and
studied the film boiling near the plate. Heat was transferred to liquid nitrogen due to
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which bubbles of nitrogen gas are formed. They also considered the effect of surface
tension at terrestrial gravity.
In twenty first century the experiment was continued on sphere by taking different
phase change materials for example, Ettouney et al [19] performed the experiment over
a metal sphere. Steel spheres and thermocouples were set at different angles and differ-
ent heights, packed inside a phase changematerial (paraffinwax) tube. The heat transfer
fluid (water) was passed at different temperature and at different flow rate over sphere.
They found that nusselt number was a function of Rayleigh number, Stefan number and
Fourier number, heat transfer coefficient in the phase change material and heat trans-
fer fluid (HT F ), temperature profile with the help of thermocouple, radial temperature
profile of phase change material at different height, axial temperature profile for fluid
temperature by using data acquisition system.
H.Koizumi [20] performed the experiment to show the melting pattern and heat
transfer phenomenon with n-octadecane as solid PCM which was filled in a copper
sphere heated by air with or without copper plate inserted in it. He obtained three flow
patterns, chaotic flow obtained at Re=120 and Gr/Re2= 23, two dimensional steady sep-
arated flow for Re = 330 and Gr/Re2= 3 and three dimensional unsteady separated flow
for Re = 1800 and Gr/Re2 = 0.1. He found that latent heat storage rate was increased by
inserting a copper plate inside the capsule.
Similar experiment was performed by A.Bermansour [21] who preferred the refer-
ence of Wood et al (1981) and performed an experiment with hollow sphere filled with
paraffin wax as a phase change material to use it as a thermal energy storage medium
in water system. But they used air as a working fluid at variable mass flow rate through
packed bed of sphere filled with paraffin wax. They observed that air and wax temper-
ature had been increased initially at the same rate but at later stage the air temperature
exceeded and bed was fully charged. Theoritical and numerical results concluded that
accurate prediction of temperature distributionwithin the bed during charging and dis-
charging was possible.
In 2008, F.L.Tan [22] investigated the melting of n-octadecane (PCM) inside a glass
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sphere for constrained andunconstrainedmelting. In constrainedmelting solid n-octadecane
was restrained from sinking to the bottom of the sphere and produced waviness profile
due to conduction of heat at inner wall was dominated because of increase in heating
time. In unconstrainedmelting, solid PCM sinks to the bottom due to gravity and buoy-
ancy force, high melting rate was occured at the bottom region initially due to low heat.
He filled the n-octadecane inside the sphere and flow hot water over it. Due to temper-
ature difference n-octadecane melts and observed the melting phenomenon with re-
spect to different time interval. He used spherical container as a thermal energy storage
to store n-octadecane due to low volume to heat transfer surface area ratio and found
the melting characteristics for superimposed phase front Vs time for constrained and
unconstrainedmelting.
Tan et al [23] performed the similar type experiment with constrained melting by
using paraffin wax n-octadecane as PCM filled in glass sphere. Eight thermocouple (k-
type) was used at different location to find the temperature at various locations and
compare the result with the outcome of numerical result. The graph for temperature Vs
time for constrained melting was plotted and found that at the top region melting was
faster than bottom region (waviness profile). Both numerical and experimental results
were almost similar.
In the same year the studies were going on by Jouhara and Axcell [24]. The transient
film boiling experiment was performed with different coolant velocities on two sphere,
cylinder and plates of different shapes. The objects were heated and then dipped in
cooled water. They observed that turbulent and ripped type liquid-vapor interface was
obtained for cylinders and planes whereas smooth interface was occurred specifically
on sphere only. There was no effect of water velocity except for very small cylinders. The
vapor film was collapsed in different manner at different temperature with explosive,
progressive & explosive-progressivemanner.
Kousksou et al [25] performed the experiment on crystallization. They assumed
two cases for hydrodynamic and heat transfer characteristics in a horizontal tube for
a suspension flow with micro size phase change particles. They found time evolution of
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suspension temperature for different radial position with or without super cooling and
crystallization. They compared the results with the help of histograms for wall heat flux
Vs wall temperature, Stefan number Vs wall temperature, temperature of crystallization
and number of particles crystallized.
In 2012 A.R.M.Kasim [26] performed an experiment on an isothermally heated hor-
izontal cylinder and considered it as a solid sphere which was immersed inside viscous
and incompressible fluid at ambient temperature. The surface of sphere was subjected
to Newtonian heating. The effect of Prandtl number (Pr) on velocity, temperature, ther-
mal boundary layer, skin friction, thermal diffusivity was solved by Keller-box method
and discussed. Later the studies continued on nano enhanced phase change material
for different cross section by Hosseinizadeh et al [27]. They worked For the enhance-
ment of melting rate of nano-enhanced phase change material (NEPCM) with respect
to conventional PCM due to increase in thermal conductivity and by reducing the la-
tent heat of fusion they performed the experiment. They filled the NEPCM (Rubitherm)
inside a copper sphere and coated it with plexiglass. By providing the temperature dif-
ference they observed the symmetry of phase change phenomenon of NEPCM inside
the sphere with respect to time.
Matin et al [2] numerically studied the 2-dimensional steady state natural convection
of non-newtonian power law fluid (pseudo-plastic and dilatants) between two eccentric
horizontal square duct (inner duct was at elevated temperature whereas outer duct was
at lower temperature) by using second order upwind scheme and algorithm. The ef-
fect of power law index (n), Ra, aspect ratio, eccentricity and Pr are studied on heat and
fluid flows. They found if powe index (n) was inversely proportional to nusselt number
then Prandtl number had no effect on heat transfer rate except for some cases. Convec-
tion transport phenomenon is dominant for pseudoplastic fluid compared to dilatant
fluid. Tham and Nazar [28] studied steady laminar mixed convection boundary layer
flow about isothermal solid sphere in a porous medium filled with nano fluid for for-
ward and retard flow. Mixed convection parameter ‘l’, nano-particles (Al2O3, Cu, TiO2)
and nano particle volume fraction ‘φ’ are measured for discussions about the effect on
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skin friction coefficient, boundary layer separation etc. Keller-box method was used to
solve the problem.
Oro et al [29] focused on thermal energy storage techniques, encapsulation, heat
transfer enhancement and effect of storage with phase change material for cold appli-
cations. The main objective was to study various PCM for different applications. They
used solid-liquid phase change to store large quantity of energy. Simillar work was con-
tinued by Zhao et al [30]. They use sodium nitrate (NaNo3) and n-octadecane as encap-
sulated phase changematerial (E PC M) in a stainless steel cylinder for high temperature
energy storage unit which was used in solar and nuclear power plant applications. They
used enthalpy porositymethod and front trackingmethod for solving the problemswith
experiment and by using Ansys fluent. They found the isotherms and streamline by us-
ing the two techniques for both EPCM. They used horizontal cylinder for cross flow heat
transfer fluid and vertical cylinder for axial flow of heat transfer fluid at higher tempera-
ture.
Kiani et al [31] performed the experiment on a copper sphere cooled in a ethylene
glycol-water mixture (1:1 in ratio) under the influence of ultrasonic radiation. They
showed that ultrasonic irradiation enhanced the heat transfer rate and nusselt number
for cooling object and the body which was dipped in it. They also suggested the effect
of Reynold number and Prandtl number on Nusselt number. Vanderlaan and Sciver [32]
studied about the helium (He II) contained in a bed of polyethylene spheres of uniform
size which was randomly packed in a stainless steel channel. Three flow regimes are
studied. (a)Laminar regime in which temperature gradient was directly proportional to
heat flux . (b)Turbulent regime in which temperature gradient was directly proportional
to heat rate. (c)Transitional regime occurred by combining the laminar and turbulent
regime. London’s equation was used for laminar flow of liquid helium to relate the pres-
sure and temperature gradient.
After that, an excellent work for heat exchanger was performed by Solomon and Vel-
raj [33] on fins. They used eight longitudinal copper fins placed at different heights on
the outer surface of a copper tube and study the increase in heat transfer performance
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of paraffin wax used in free cooling application. Fins were very useful in sensible cool-
ing of liquid PCM. They utilized the performance of fin during solidification at differ-
ent height. The effect of fin on subcooling and sensible cooling, inlet air velocity and
heat transfer fluidwere explained. Some experiments have performed on sedimentation
phenomenon at different temperature byHashemi et al [34]. They used lattice-boltzman
method to simulate fluid particles interaction. They took thirty hot spheres which was
dropped inside a box filled with relatively low temperature silicon oil box and examined
the sedimentationphenomenon for different temperature, times, Reynold number, Gra-
soff number and Prandtl number. They depicted that the density ratio and temperature
difference are the factors which would define the moving direction of the particle. Later
this experimentalwork was also comparedwith numerical simulationby Amin et al [35].
The CFD (Ansys 12) simulation of heat transfer fluid flowing past over a sphere with
phase changematerial (water as PCM) and comparisonwasmade against themeasured
and modeled temperature at the centre of sphere. The CFD model was correlated with
the freezing phenomenon which shown that the buoyancy effect was negligible. When
melting test was compared to the numerical model, the effective thermal conductivity
of liquid layer in the sphere could be determined over the melting process.
The present work reports on experimental investigation of solidification and melt-
ing phenomenon of cryocooled stainless steel spheres in brine solution. The paper re-
ports the behavior of stainless steel at cryogenic temperature as well as inside the phase
change material (brine solution at different concentrations). PCM’s are generally used
in storage of solar energy, cooling of turbine blade, heating or cooling of building, liquid
storage tank, cooling of nuclear fuel elements, industrial process cooling etc. Theorit-
ical and experimental work regarding brine solution and ice interface was a matter of
interest due to its presence in natural, environmental, biological, geology, oceanogra-
phy, metallurgical, physical, crystal growth and chemical phenomenon [36]. The main
objective of the paper is to investigate the effect of concentration on ice formation and
solidification and melting time. Melting of ice is also discussed for different concentra-
tions of brine solution.
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1.2.1 Outline of the thesis
To discuss the solidification and melting phenomenon and ice thickness for different
concentrations over austenitic stainless steel sphere is themain work of this thesis. This
thesis consists of four chapters. A brief description of each chapter is given below.
Chapter 1: This chapter consists of general background of brine solution, austenitic
stainless steel, liquid nitrogen, acrylic, data acquisition system and literature re-
view.
Chapter 2: This chapter consists of materials used during the experiment, temperature
measurement for different concentration of brine solution and experimental pro-
cedure.
Chapter 3: In this chapter, the results obtained from the experiment are discussed. Melt-
ing pattern of ice formed, temperature variation on different surfaces of sphere
inside brine solution is discussed as well.
Chapter 4: On the basis of experimental results, conclusions are summarised as well as
future work are suggested.
CHAPTER 2
Experimental Procedure
2.1 Material andmethods
The schematic diagram of experimental setup is shown in the figure 2.1. Poly methyl
methacrylic (PMMA) sheet having 5 mm thickness had been used to make a container.
The inside dimensions of the container was 301mmwidth, 302mm length and 301mm
height and top surface was open to atmosphere. The container was made by PMMA
due to better visiblity of solidification as well as melting phenomena and to capture the
good images of all processes. PMMA sheet was cut with the help of hack saw in the
specified dimensions, then filed its surfaces and assembled it with the help of silicon
gel and chloroform. Thin layer of silicon gel was glued on the edges of acrylic pieces
assemble it and left for 10 to 12 hours for gaining the strength. After that, minute holes
was filled by acrylic powder and chloroform was sprayed on it with the help of syringe.
Due to corrosive behaviour of chloroform, it was carefully sprayed at the place where
the acrylic powder was used to fill the minute holes. The volume of the container was
sufficiently large to use it as a sink.
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Figure 2.1: Shematic diagram of experimental setup (1.Wooden structure 2.Acrylic con-
tainer 3. Stainless steel sphere 4. High modulus vectran fibre wire 5.Plastic
pipe 6. Brine solution 7. K-type thermocouple wire)
2.2 Experimental procedure
The experiment was performed on solid sphere (stainless steel) having different diam-
eters of 4.14 mm, 3.18 mm and 2.70 mm respectively. The sphere was encapsed in high
density polythelene net and tightened it with the help of cotton thread. High modulus
vectran fibre wire was attached to the cotton thread for holding purpose. It was passed
through a plastic pipe for stability (to avoid pendulum like motion) due to which forced
convection was discarded when it was immersed inside the brine solution. Now, K-type
thermocouple was attached with sphere at different locations (Bottom, Side and Top),
then dipped it inside the styrofoam box which was filled with liquid nitrogen.
The sphere was removed from liquid nitrogen filled styrofoam box when steady state
temperature was reached then dipped it inside the brine solution. It was assumed that
the process had been completed within fraction of seconds but practically it will take
5 to 8 seconds. The estimated time for different spheres to reach the cryogenic tem-
perature (-1920C) was calculated with the help of lumped parameter analysis. The time
taken by the sphere of 4.14 cm, 3.18 cm, and 2.70 cm diameters to reach the steady state
temperature of -1920C inside liquid nitrogen were five minutes fourty six seconds, four
minutes twenty seconds and threeminute fourty nine seconds respectively.
Steady state temperature was also measured with the help of k-type thermocouple.
Boiling of liquid nitrogen was stopped when steady state temperature of sphere was
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reached. It was the practical indication that the sphere could achive the desired tem-
perature as given by Miller et al [18]. After that the chilled sphere was removed from
liquid nitrogen and dipped inside different concentrations of brine solution.
The brine solution is prepared by using NaCl salt. The concentration of brine so-
lution was prepared with weight of solute per unit weight of solution. It means, for 5%
brine solution,One kilogram salt was dissolved in nineteen kilogramof water. Simillarly,
for 10% brine solution, two kilogram of salt was dissolved in eighteen kilogram of water
and for 15% brine solution, three kilogram of salt was dissolved in seventeen kilogram
of water. When the surface of chilled sphere touched the brine solution, ice was formed
on the outer surface of sphere within a fraction of second. After two to three seconds of
the initial contact of cooled sphere with the solution, the rate of formation of ice was re-
duced due to initial ice layer acts as an obstruction to heat transfer because of very low
thermal conductivity of ice as compared to that of stainless steel. The temperature of
sphere was reduced due to water in the solution absorbing the latent heat during solidi-
fication process. The thickness of ice formation on the outer surface of sphere wasmea-
sured manually with the help of steel scale for different time intervals. Vernier caliper
was not suitable for this because icemelts quickly when it comes in contact with vernier
caliper or by applying some pressure. Three concentrations of brine solution were used
(5-15%). When the temperature of the liquid in contact with chilled spherewas below its
freezing temperature, pure water solidifies into ice and salt crystals are separated from
it. The movement of phase front was depended on initial concentration of salt in water
which was responsible for variation in thickness of ice formed. When the concentration
of solutionwas increased then rate of thickness of ice must be decreased and vice versa,
this phenomenon satisfied the result of Matsumoto et al [5]. Natural convection oc-
cured inside the brine solution due to heat transfer from brine solution to solid sphere.
The liquid coming in contact with chilled sphere lost its energy and gets denser. Dense
liquidmoves downward due to gravity and in this manner convection current along the
surface of sphere was generated. Due to density gradient occured in the contact zone,
thickness of ice layer was not symmetric. It was maximum at the bottom surface. As we
Experimental Procedure 17
moved from bottom to top surface, ice thickness decreases continuously. Ice formation
was almost symmetrical indicating that the flow conditions are laminar in nature.
CHAPTER 3
Results and Discussion
3.1 Solidification andMelting patterns
Solidification,melting pattern and ice thicknesswere obtained fromsurface of the sphere
having different diameters. Each sphere was surveyed by changing the concentration of
brine solution and it was found that melting pattern and ice thickness was different by
changing the concentration of brine solution. To study these effects experiments were
performed for different time intervals.
3.1.1 Meltingpatternof 2.72 cmdiameter sphere insidebrine solution
of different concentrations
Chilled sphere of 2.72 cm diameter was dipped inside 5% concentration of brine solu-
tion. The initial layer of phase front formed within a fraction of second, thereafter its
movement is decreased because the ice formed over the sphere offers some resistant to
heat transfer. Melting of ice from top, side and bottom surfaces of sphere starts after
90 seconds. Ice melted completely from top and side surfaces after 130 second while at
the bottom surface mushy ice remains there which is 1.5 to 2 mm in thickness as shown
18
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(a) 60 sec (b) 90 sec (c) 120 sec (d) 145 sec
Figure 3.1: Melting pattern of 2.72 cm diameter sphere inside 5% brine solution concen-
tration
(a) 60 sec (b) 90 sec (c) 115 sec (d) 125 sec
Figure 3.2: Melting pattern of 2.72 cm diameter sphere inside 10% brine solution con-
centration
in the figure 3.1, melting pattern of ice in upper half section of sphere is similar to that
of in pure water whereas in lower half section unwrapping behaviour was occured. Ice
thickness is reduced at all the surfaces as compare to that of in pure water.
When the concentration of the solution was increased to 10%, total time (solidifia-
tion as well as melting) is expected to reduce as compared to 5% solution. This happens
because the salt ion prohibits the movement of phase front. Due to this, ice thickness
decreases but rate ofmelting increases. It is also noticed that phase change temperature
of brine solution decreases from 00C to -40C . In this solution, melting starts after 60
second from top surface. sufficient care is taken tomeasure the thickness of ice because
the ice layer fractured like glass even after applying small force. This phenomenon is not
noticed in 5% concentration solution.
The important observation in this concentration was melting pattern of ice. Ice
melted in different manners compared to the melting for 5% concentration solution.
At the upper half of the ice ball, ice melted like just leaving the surface of sphere where
as that of bottom half melted in a sequential manner like unwrapping of thread on the
surface of a sphere as shown in the figure 3.2.
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(a) 45 sec (b) 60 sec (c) 68 sec (d) 73 sec
Figure 3.3: Melting pattern of 2.72 cm diameter sphere inside 15% brine solution con-
centration
For 15% concentration brine solution, total duration (solidification and melting) is
drastically reduced. The important obsevation in this concentration was the melting
process which became faster than 5% and 10% brine solution.The specific outcome in
this specification was smooth melting of ice which occured till last, thereafter ice parti-
cles left the surface of sphere and moved upward due to ice particles having lower den-
sity as compared to that of the brine solution. It happened after 73 second as shown
in the figure 3.3. This kind of feature is slightly observed for 10% concentration but it
is completely absent for 5% concentration solution. Since, the total time was reduced
hence for this concentration,measurement of ice thickness started after 45 seconds. Af-
ter 50 seconds, melting started from the top surface. The process of melting was very
fast. Ice was completelymelted after 85 seconds. It was also observed that phase change
temperature of water was decreased from 00C to -90C inside 15% concentration. Due
to this reason, total time was reduced. At last stage of melting, mushy ice at the bottom
surface left the surface of sphere andmoved downward. This phenomenon could not be
occured in previous concentration. In previous concentration, mushy ice at the bottom
of sphere left the surface andmoved upward. It was happened due to very less thickness
available at the bottom surface as well as fast melting. This phenomenon was occured
for all spheres.
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(a) 60 sec (b) 120 sec (c) 150 sec (d) 160 sec
Figure 3.4: Melting pattern of 3.18 cm diameter sphere inside 5% brine solution concen-
tration
(a) 60 sec (b) 120 sec (c) 150 sec (d) 159 sec
Figure 3.5: Melting pattern of 3.18 cm diameter sphere inside 10% brine solution con-
centration
3.1.2 Meltingpatternof 3.18 cmdiameter sphere insidebrine solution
of different concentrations
Due to large surface area as compared to that of 2.72 cm diameter, total time of exper-
iment was increased. For this case, melting started from top surface after 120 second
while at side and bottom surfaces it took place after 130 second as shown in the figure
3.4. The melting pattern for this case is similar to that of 2.72cm diameter but its dura-
tion is increased due to increase in the surface area exposed to the solution. Ice melted
completly after nearly 180 second.
When the sphere was dipped inside 10% brine solution, ice thickness and total time
are decreased. Melting started after 110 second from top surface. The rate of melting
for this case was greater than that of in 5% concentration. Initially, ice melted uniformly
from all surfaces except at the bottom upto 150 second as shown in figure 3.5. Some ice
particles left the surface of sphere andmove upward due to density difference. It was not
observed in 5% concentration brine solution for this sphere. The lower section of sphere
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(a) 45 sec (b) 60 sec (c) 75 sec (d) 87 sec
Figure 3.6: Melting pattern of 3.18 cm diameter sphere inside 15% brine solution con-
centration
(a) 60 sec (b) 180 sec (c) 210 sec (d) 224 sec
Figure 3.7: Melting pattern of 4.14 cm diameter sphere inside 5% brine solution concen-
tration
melted like unwrapping of a thread. The rate of unwrapping was decreased as compare
to that of 2.72cm diameter sphere.
Now, the concentration of brine solutionwas increased to 15%. Melting started from
top surface after 60 second. The melting of ice was uniform upto 90 second, thereafter
ice particles left the surface and moved upward. This happened because of the higher
concentration of salt as shown in the figure3.6.
3.1.3 Meltingpatternof 4.14 cmdiameter sphere insidebrine solution
of different concentrations
Finally, we took cryocooled sphere of 4.14 cm diameter and dipped it inside 5% concen-
tration of brine solution. Melting started after 150 second from top surface of the sphere
while it commenced at the side surface after 185 second. After 210 second, the top half
of ice got completely melted as shown in figure 3.7. Total time taken for solidification
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(a) 60 sec (b) 120 sec (c) 180 sec (d) 194 sec
Figure 3.8: Melting pattern of 4.14 cm diameter sphere inside 10% brine solution con-
centration
(a) 60 sec (b) 90 sec (c) 105 sec (d) 115 sec
Figure 3.9: Melting pattern of 4.14 cm diameter sphere inside 15% brine solution con-
centration
as well as melting in this concentration was 275 second.
Now, the sphere was dipped inside 10% concentration brine solution. Melting of
ice started after 96 second from top surface while from side surface it started after 135
second. Upper section ice was melted at a faster rate than that of the lower section ice.
The unwrapping pattern of ice at the lower section was visualised clearly as shown in
figure 3.8. Mushy ice remained at the bottom after 194 second due to unwrapping of ice
duringmelting.
Finally, the sphere was dipped inside 15% concentration of brine solution. Melting
started after 75 second from all the surfaces. The pattern of melting was almost similar
upto 110 second except at bottom surface as shown in figure 3.9. After 120 second,
no ice remained at the top and side surfaces, only mushy ice remained at the bottom
surface of the sphere. Ice particles started to leave the surface in a sequential manner
from top to bottom andmoved upwards.
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3.2 Ice thickness for different concentrations, time dura-
tion and locations
To measure the thickness of ice formed on the outer surface of different spheres, steel
scale was used. Ice layer was removed from the surface of sphere with the help of small
hammer. Ice thickness was measured for different concentrations and at different time
interval at top, side and bottom surfaces. The timewas counted at the instant when bot-
tom of the chilled sphere touched the brine solution with the help of stop watch. After
definite period of time, sphere was removed from solution. Ice layer was broken into
pieces and measurement was taken. The process was repeated for different concentra-
tions and time intervals.
3.2.1 Ice thickness variationonouter surfaceof 4.14 cmdiameter sphere
The thickness of ice for 4.14 cm diameter sphere was maximum in 5% brine solution.
Maximum thickness of ice occured at bottom, top and side surfaces are 5.8mm, 4.5mm
and 3mm respectively as shown in figure 3.10(a). Maximum thickness at bottom surface
wasmeasured after 120 second while at the side and top surfaces, it was maximumat 90
seconds.
On the other hand for 10% brine solution, maximum ice thickness at the bottom
surface occured after 90 seconds which was 4.8 mmwhile at side and top surfaces it was
3.5 mm and 2.25 mm respectively after 60 seconds as shown in figure 3.10(b) . For this
case, melting of ice at top surface was too fast after 90 seconds.
For 15% solution, bottom surface had constant ice thickness (3mm) upto 90 seconds
thenmelting started. After that Similarly, side surface had constant ice thickness (2mm)
upto 60 seconds. At the top surface, continuous decreasing trend occured after 45 sec-
onds as shown in figure 3.10(c).
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Figure 3.10: Variation of thickness with respect to time for 4.14 cm diameter sphere (a)
5% brine solution (b) 10% brine solution (c) 15% brine solution
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3.2.2 Ice thickness variationonouter surfaceof 3.18 cmdiameter sphere
For 3.18 cmdiameter sphere,maximum ice thickness for 5%brine solutionwas obtained
at the bottom surface after 90 seconds which was 4.5mm while at side and bottom sur-
faces it was maximum after 60 seconds which was 3.25mm and 2mm respectively as
shown in figure3.11(a). When the concentration was increased to 10% then thickness
was constant upto 90 seconds which was 3mm at the bottom surface. However, the ice
at side and top surfaces had lost its strength after 60 seconds as shown in figure 3.11(b).
After 120 seconds, only bottom surface hadmushy ice of 1mm thickness.
For 15%brine solution,maximum thickness obtained at all the locations after 45 sec-
onds which was 2mm, 1.5mm and 0.8mm at bottom, side and top surfaces respectively.
Thereafter, ice thickness was continuously decreasing at faster rate than that of for 10%
concentration. After 90 seconds, only mushy ice remained at the bottom surface which
was 1mm in thickness (3.11(c)). Themelting pattern in 15% concentration solutionwas
different than that of the previous one.
3.2.3 Ice thickness variationonouter surfaceof 2.72 cmdiameter sphere
At last, for 2.72 cm diameter sphere, maximum thickness in 5% concentration brine so-
lution was obtained after 60 seconds. It was 3.5mm, 2.5mm, 1.5mm at bottom, side
and top surfaces respectively. Thereafter, continuous decreasing trend was observed as
shown in figure 3.12(a). After 120 second, only bottom surface had mushy ice of 2mm
thickness.
When the concentration was increased to 10%, maximum thickness was obtained
after 60 seconds which was 2.8mm, 2mm and 1.5mm at bottom, side and top surfaces
respectively as shown in figure 3.12(b). It was less as compare to that of for 5% solution.
For this case, only mushy ice of 2mm thickness was obtained at bottom surface after
90 seconds. The thickness of ice at side and top surfaces had small difference but their
melting pattern was similar.
For 15% solution, maximum ice thickness was obtained after 45 seconds which was
2mm, 1mm, 0.5mm at bottom, side and top surfaces respectively. Thereafter, continu-
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Figure 3.11: Variation of thickness with respect to time for 3.18 cm diameter sphere (a)
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ous melting was occured at all the surfaces. After 70 seconds, only mushy ice of 1mm
thickness remained at the bottom surface as shown in figure 3.12(c).
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CHAPTER 4
Conclusion
Experiment was carried out to visualise the solidification and melting behaviour of a
brine solution having varying concentrations over a stainless steel sphere. The sphere
was chilled to -1920C prior to immersing into the brine solution. Thickness of ice forma-
tion with respect to time was the matter of interest of this report. As the concentration
of brine solution was increased, thickness of ice formation and total time (solidification
and melting) were decreased. The reduction in total time is due to the shifting of melt-
ing point below 00C . Increase in concentration of brine solution decreases the strength
of ice due to which it was difficult to break. Melting was started from top surface of the
sphere for each concentration and its patternwas different for different concentrations.
The experimental results obtained is highly applicable in oceanography, geological and
industrial areas.
4.1 FutureWork
The present thesis consists of solidification and melting pattern and ice thickness from
outer surface of a cryocooled austenitic stainless steel. Due to time constraint other
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materials such as copper, brass, aluminium etc could not be used. Future research work
should address the following :
1. Simillar experiment may be performed by using different materials of spherical
and cylindrical shape to use it as a thermal storage unit as well as for cryogenic applica-
tions.
2. Numerical modellingmay be done to further explore the entire flow fields.
3. Effect on ice formation in different salt solutions on the materials at cryogenic
temperature can be studied.
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